Introduction
Single-nucleotide polymorphisms (SNPs) at some gene loci can be useful markers of individual risk for adverse drug reactions or susceptibility to complex diseases, because an SNP itself may influence the quality and/or quantity of a gene product (see a review by McCarthy and Hilfiker 2000) . With this in mind, investigators in many laboratories have undertaken projects to establish large collections of SNPs across the human genome (Sachidanandam et al. 2001 ). In the near future, the genomic approach, combining the large collection of SNPs and high-throughput genotyping procedures based on that information, is likely to revolutionize drug discovery and development as well as the practice of medicine (Gray et al. 2000; Meyer 2000; Roses 2000) . Recently, we have focused on genetic loci corresponding to drug-metabolizing enzymes and transporters and have already described more than 1500 variations in those regions (Iida et al. -e, 2002a Saito et al. 2001a Saito et al. ,b, 2002a Sekine et al. 2001) .
The ATP-binding cassette (ABC) transporter superfamily is one of the largest gene families. These genes encode a functionally diverse group of membrane proteins involved in energy-dependent transport of a wide variety of substrates across membranes (see reviews by Allikmets et al. 1996; Broccardo et al. 1999; Klein et al. 1999; Dean et al. 2001) . Eukaryotic ABC transporters are organized either as full transporters containing two transmembrane domains and two nucleotide-binding folds, or as half-transporters. Molecules of the latter type must form either homodimers or heterodimers to constitute functional transporters. The entire group is divided into seven distinct subfamilies on the basis of predicted protein structures and phylogenetic analysis. So far, a total of 48 human transporter genes belonging to one or other of the seven ABC subfamilies has been reported (http://nutrigene.4t.com/humanabc.htm).
Some genetic variations present in genes that encode drug transporters and drug-metabolizing enzymes are likely to be associated with susceptibility to common diseases as well as with differences in therapeutic efficacy and/or side effects of drugs among individuals. Therefore, information concerning genetic variations in human transporter genes should be an important resource for understanding not only the etiology and risk of some diseases, but also the pharmacokinetics or pharmacodyamics of drugs. Regarding SNP analysis in the ABC transporter genes, we previously reported the construction of high-density SNP maps in the genomic segments corresponding to nine ABC transporter subfamily B genes, and eight ABC transporter subfamily C genes (Saito et al. 2002a,b) . In this article, we provide highresolution maps of 13 ABC transporter (subfamilies A, D, E, F, and G) gene loci containing a total of 605 SNPs and 107 insertion-deletion polymorphisms that we detected in DNA from 48 Japanese volunteers.
Subjects and methods
Blood samples were obtained with written informed consent from 48 healthy Japanese volunteers for this study, which was approved by the ethical committee of the RIKEN SNP Research Center. The detailed methods used to screen for SNPs are available from our website (http://snp.ims.u-tokyo.ac.jp/). In brief, we sequenced 96 chromosomes to screen SNPs using polymerase chain reaction (PCR) primers to amplify an entire gene, including about 2 kb upstream of the first exon and downstream from the last exon, but excluding repetitive sequences. Each PCR was carried out using 20 ng of pooled DNA for three individuals. All SNPs detected by the PolyPhred computer program (Nickerson et al. 1997) were confirmed by sequencing both strands of each PCR product.
Genbank accession numbers for the 13 ABC loci examined are as follows: 
Results and discussion
Sequencing of about 416 kb of genomic DNA corresponding to 13 loci containing ABC transporter genes identified a total of 712 variations among 96 Japanese chromosomes, including 605 SNPs and 107 variations of other types. The exon-intron organization of each gene and locations of SNPs identified within each locus are illustrated schematically in Fig. 1 ; detailed information is given in Table 1 . The classification of SNPs on the basis of their locations is also summarized in Table 2 . Among the 605 SNPs, 14 were located in 5Ј flanking regions, 5 in 5Ј untranslated regions, 37 in coding regions, 529 in introns, 8 in 3Ј untranslated regions, and 12 in 3Ј flanking regions. The 17 nonsynonymous SNPs were among 37 coding SNPs we found. Although the frequency of nonsynonymous SNPs was a very small part of the total SNP counts (2.8%), the SNPs would likely influence protein function. By comparing our data with reports from elsewhere (Maugeri et al. 1999; Dvorakova et al. 2001; Hubacek et al. 2001; Lee et al. 2001; Lu et al. 2001 ) and the SNPs deposited in the dbSNP database at the National Center for Biotechnology Information, we were able to consider 491 of the 605 SNPs (81%) to be novel (Tables 1 and 2 ). In addition, the overall frequencies of nucleotide substitutions were counted as 40% for A/G, 33.9% for C/T, 8.6% for A/C, 8.1% for C/G, 6.1% for G/T, and 3.3% for T/A (Table 3) .
ABCA genes
The ABC subfamily A comprises a group of full-size transporters characterized by the presence of a highly hydrophobic segment between two transmembrane domains. On the basis of database for "expressed sequence tags" (dbEST) information, current estimates suggest that at least 11 ABCA genes are present in the human genome (Broccardo et al. 1999 ).
ABCA4 locus. The ABCA4 (sometimes referred as ABCR) gene is expressed highly and exclusively in the retina, and encodes the outer-segment rim protein of rods (Allikmets et al. 1997) . Mutations of ABCA4 have been implicated in a variety of retinal degenerative diseases associated with loss of vision (Klein et al. 1999; Dean et al. 2001) . By screening approximately 84.5 kb at the ABCA4 locus, we identified a total of 168 SNPs; 3 were in the 5Ј flanking region, 4 were in coding regions, and 161 were in introns. No SNPs were found in 5Ј untranslated, 3Ј untranslated, or 3Ј flanking regions. The average distribution of SNPs at this locus was 1 in every 503 nucleotides. The frequency of each type of substitution was 39.9% for A/G, 32.1% for C/T, 11.3% for A/C, 8.3% for C/G, 6.0% for G/T, and 2.4% for T/A. We also found 34 variations of other types at the ABCA4 locus.
ABCA7 locus. The ABCA7 gene encodes a 2146-aminoacid peptide . Northern blotting has revealed predominant expression in myelolymphatic tissues such as bone marrow, thymus, spleen, and peripheral blood. ABCA7 is a sterol-sensitive gene that is inversely regulated by cholesterol import and export in macrophages; this regulatory response to cholesterol influx and efflux is similar to that of ABCA1 and ABCG1. Hence, Kaminski et al. (2000) suggested that ABCA7 might function as a cellular lipid exporter. By screening an approximately 21.2-kb region at the ABCA7 locus, we identified a total of 67 SNPs (4 in the 5Ј flanking region, 1 in the 5Ј untranslated region, 19 in coding regions, 37 in introns, 1 in the 3Ј untranslated region, and 5 in the 3Ј flanking region). The distribution of SNPs at this locus was 1 per 316 bp on average. The frequency of each type of substitution was 44.8% for A/G, 29.9% for C/T, 7.5% for A/C, 13.4% for C/G, 3.0% for G/T, and 1.5% for T/A. We also found four other variations at the ABCA7 locus.
ABCA8 locus. ABCA8, located in the ABCA-transporter cluster of genes on chromosome 17q24, was isolated from human brain libraries during cDNA-sequencing projects (Nagase et al. 1998; Dean et al. 2001 ). ABCA8 may function Table 1 ). Other types of variations are indicated below the genes as a lipid transporter, but that has not been proven. Screening a region of approximately 57.7 kb encompassing the ABCA8 gene detected a total of 88 SNPs: 3 in coding regions, 84 in introns, and 1 in the 3Ј flanking region. The distribution of SNPs at this locus was 1 per 656 bp on average. The frequency of each type of substitution was 40.9% for A/G, 33.0% for C/T, 5.7% for A/C, 10.2% for C/G, 5.7% for G/T, and 4.5% for T/A. We also found 16 variations of other types at this locus.
ABCD genes
The ABCD subfamily at present consists of four genes, ABCD1, ABCD2, ABCD3, and ABCD4; all of them encode half-transporters located in the peroxisome, where their homo-and/or heterodimers regulate transport of very long chain fatty acids ).
ABCD1 locus. Positional cloning has characterized ABCD1, encoding a 745-amino-acid protein, as the "causative gene" for X-linked adrenoleukodystrophy (Mosser et al. 1993) . ABCD1 may play a role in the import or anchoring of the peroxisome enzyme VLCF-CoA synthase (Dodd et al. 1997) . Screening of an approximately 15-kb region containing the ABCD1 gene identified a total of 10 SNPs: 1 in the 5Ј flanking region, 1 in the 5Ј untranslated region, and 8 in introns. The distribution of SNPs at this locus was 1 per 1499 bp on average. The frequency of each type of substitution was 30% for A/G and 70% for C/T. We also found a one-base deletion polymorphism in intron 5.
ABCD3 locus. ABCD3 gene encodes a 70-kDa peroxisomal membrane protein (PXMP70) in the liver, and its mutations are responsible for Zellweger syndrome in some patients with this lethal inborn defect of peroxisome assembly (Gartner et al. 1992 ). Screening of approximately 37.1 kb encompassing the ABCD3 gene identified a total of 32 SNPs: 2 in the 5Ј flanking region, 1 in the 5Ј untranslated region, 2 in coding regions, 26 in introns, and 1 in the 3Ј untranslated region. The distribution of SNPs at this locus was 1 per 1158 bp on average. The frequency of each type of substitution was 53.1% for A/G, 28.1% for C/T, 9.4% for A/C, 3.1% for G/T, and 6.3% for T/A. We also found 13 variations of other types at this locus.
ABCD4 locus. ABCD4, a 606-amino-acid protein located at the peroxisomal membrane, is a half-ABC transporter (Holzinger et al. 1997 ), but its amino acid sequence is not highly homologous to ABCD1 (24.5%), ABCD2 (24.9%), or ABCD3 (27.4%) (Shani et al. 1997) . Screening approximately 13.4 kb around the ABCD4 gene detected a total of 19 SNPs: 3 in coding regions, 14 in introns, and 2 in the 3Ј untranslated region. The distribution of SNPs at this locus was 1 per 703 bp on average. The frequency of each type of substitution was 52.6% for A/G, 21.1% for C/T, 10.5% for A/C, 5.3% for C/G, and 10.5% for G/T.
ABCE and ABCF families
The ABCE and ABCF subfamilies contain genes encoding peptides that include ATP-binding domains likely to be derived from ABC transporters but that have no transmembrane domains. Their functions in the membrane transport system are not well understood ).
ABCE1 locus. ABCE1, a 599-amino-acid protein, contains two ATP/GTP-binding motifs; it was originally identified as protein inhibitor RLI, which can regulate RNase L activity in the 2-5A pathway (Bisbal et al. 1995) . Interferons induce transcription of numerous genes involved in defense against viral infections, in control of cell proliferation, and in differentiation, as well as in modulation of immune responses (Williams 1991) . The 2-5A/RNase L system, one of the major pathways induced by interferons, might play a more general role in regulating RNA turnover and stability in cells . RNase L is an endoribonuclease that, on activation by 2-5A, leads to inhibition of protein synthesis by cleaving mRNAs at the 3Ј side of UpNp sequences (Floyd-Smith et al. 1981; Zhou et al. 1993) .
Screening an approximately 26.2-kb region containing the ABCE1 gene identified a total of six SNPs, 1 in the 5Ј flanking region, 4 in introns, and 1 in the 3Ј untranslated region. The distribution of SNPs at this locus was 1 per 4374 bp on average. The frequency of each type of substitution was 66.7% for C/T, 16.7% for C/G, and 16.7% for G/T. We also found 11 variations of other types at the ABCE1 locus.
ABCF1 locus. ABCF1 was first isolated as a protein of unknown function that was modulated by tumor necrosis factor alpha in cultured synoviocytes (Richard et al. 1998 ). The ABCF1 cDNA encodes an 807-amino-acid peptide that contains two signature motifs of the ABC transporter family, a 2ATP/GTP-binding site A motif, and three nuclear localization signals. ABCF1 is likely to play a key role in the initiation of mRNA translation, through interaction with eukaryotic initiation factor 2 and association with ribosomes (Tyzack et al. 2000) . Screening approximately 10.8 kb at the ABCF1 locus identified a total of six SNPs, 1 in the 5Ј untranslated region and 5 in introns; their distribution was 1 in 1795 bp, on average. The frequency of each type of substitution was 16.7% for A/G, 50% for C/T, 16.7% for A/C, and 16.7% for C/G. We also found four variations of other types at this locus.
ABCG genes
The ABCG subfamily is comprised of six 'reverse' halftransporters that have a nucleotide-binding fold at the amino terminus and a transmembrane domain at the carboxyl terminus.
ABCG1 locus. One of the members in the ABCG subfamily, ABCG1, was originally named human White on the basis of 33% identity in amino-acid sequence to the product of the White gene of Drosophila melanogaster, which transports precursors of eye pigments, (guanine and tryptophan) along with brown and scarlet, in the eye cells of the fly (Chen et al. 1996; Croop et al. 1997; Klein et al. 1999; Dean et al. 2001) . Klucken et al. (2000) showed that ABCG1 was regulated by cholesterol uptake or HDL3-mediated lipid release in human macrophages. Regulation of ABCG1 mRNA levels by the liver-specific X receptor/retinoid X receptor pathway, which is involved in lipid metabolism Venkateswaran et al. 2000) , suggests a function for ABCG1 in homeostasis of cholesterol in macrophages. The ABCG1 gene contains multiple promoters, spans more than 98 kb of genomic DNA, and consists of 23 exons that encode proteins with different amino-terminal sequences generated by alter-native splicing (Kennedy et al. 2001) .
Screening an approximately 66.2-kb region around the ABCG1 gene identified a total of 104 SNPs: 3 in the 5Ј flanking region, 96 in introns, 1 in the 3Ј untranslated region, and 4 in the 3Ј flanking region. The distribution of SNPs at this locus was 1 per 637 bp on average. The frequency of each type of substitution was 39.4% for A/G, 36.5% for C/T, 5.8% for A/C, 9.6% for C/G, 4.8% for G/T, and 3.8% for T/A. We also found eight variations of other types at the ABCG1 locus.
ABCG2 locus. ABCG2, the second member of the ABC transporter subfamily G, is also known as the placental ABC transporter, breast-cancer resistance protein, or mitoxantrone resistance-associated protein (Allikmets et al. 1998; Doyle et al. 1998; Miyake et al. 1999) . ABCG2 is often amplified and overexpressed in human cancer cells and is capable of mediating drug resistance even in the absence of multidrug resistance proteins MDR1 and MRP1 (Litman et al. 2000; Robey et al. 2001 ). Screening 29.1 kb at the ABCG2 gene locus identified a total of 43 SNPs, 2 of them in coding regions, 40 in introns, and 1 in the 3Ј flanking region. The distribution of SNPs at this locus was 1 per 676 bp on average. The frequency of each type of substitution was 41.9% for A/G, 30.2% for C/T, 7.0% for A/C, 14.0% for G/T, and 7.0% for T/A. We also found four variations of other types at the ABCG2 locus.
ABCG4 locus. The ABCG4 gene on chromosome 11q23.3 consists of 14 exons spanning 12.6 kb of genomic DNA; the 3.5-kb transcript encodes a 646-amino-acid peptide (Engel et al. 2001 ). This half-size ABC transporter possesses a nucleotide-binding fold followed by a cluster of six transmembrane-spanning domains, and is thought to function in cholesterol transport. Screening an approximately 8.2-kb region at the ABCG4 gene locus identified a total of 11 SNPs, 1 in a coding region, 9 in introns, and 1 in the 3Ј untranslated region. The distribution of SNPs at this locus was 1 per 748 bp on average. The frequency of each type of substitution was 54.6 for A/G, 27.2 for C/T, 9.1% for A/C, and 9.1% for C/G.
ABCG5 and ABCG8 loci. The ABCG5 and ABCG8 genes encode proteins of 651 and 673 amino acids, respectively, which share 28% identity. Both proteins contain an Nterminal ATP-binding motif (Walker A and B motifs), an ABC transporter signature motif, and six transmembrane segments in the terminus. Several mutations in the ABCG8 gene and one mutation in the ABCG5 gene have been found in patients with sitosterolemia (Berge et al. 2000) . The two genes are located in close proximity, in a headto-head configuration on chromosome 2p21. Screening an approximately 15.7-kb region at the ABCG5 gene locus identified a total of 26 SNPs, 24 of them intronic, 1 in the 3Ј untranslated region, and 1 in the 3Ј flanking region. The distribution of SNPs at this locus was 1 per 603 bp on average. The frequency of each type of substitution at the ABCG5 locus was 30.8% for A/G, 38.5% for C/T, 7.7% for A/C, 7.7% for C/G, 11.5% for G/T, and 3.8% for T/A. We also found five variations of other types at this locus.
Screening an approximately 31.2-kb region around the ABCG8 gene identified a total of 25 SNPs: 1 in the 5Ј untranslated region, 3 in coding regions, and 21 in introns. The distribution of SNPs at this locus was 1 per 1249 bp on average, and their frequencies were 20.0% for A/G, 44.0% for C/T, 20.0% for A/C, 4.0% for C/G, 8.0% for G/T, and 4.0% for T/A. We also found seven variations of other types at the ABCG8 locus.
Altogether we have collected a total of 712 variations, including 605 SNPs and 107 variations of other types, among 13 genes encoding ABC transporters in a 96-chromosome sample from the Japanese population. The SNP collection reported here provides genetic data that should be helpful for personalized medical services and also for identifying alleles involved in drug efficacy, side effects, and/or complex genetic diseases.
